A quantitative comparison between discriminatory indexes and concordance among multilocus variable-number tandem-repeat analysis (MLVA), pulsed-field gel electrophoresis (PFGE), automated ribotyping, and phage typing has been performed, testing 238 Salmonella enterica serotype Enteritidis isolates not epidemiologically correlated. The results show that MLVA is the best choice, but each typing method provides a piece of information for establishing clonal relationships between the isolates.
S
almonella enterica serotype Enteritidis is the most frequently reported Salmonella serovar in humans in the European Union (1) . This study evaluated the discriminatory power and congruence among typing results collected by applying multilocus variable-number tandem-repeat analysis (MLVA), pulsed-field gel electrophoresis (PFGE), and automated ribotyping, with a new combination of restriction enzymes, to a collection of 238 S. Enteritidis isolates not correlated from an epidemiological point of view. They were isolated in 19 regions in Italy from humans, animals, foods, and environments between 2008 and 2012 (Table 1) . For all isolates, except those isolated from humans, the phage type (PT) was kindly provided by the Italian Reference Laboratory for Salmonella and included in the analysis of typing results (Table 1) .
MLVA was performed according to the protocol published by Hopkins et al. (2) based on the loci SE3, SENTR4, SENTR5, SENTR6, and SENTR7. The five loci were amplified in one multiplex PCR (25-l volume) containing 5 pmol of each primer, using a multiplex PCR kit (Qiagen). The amplification products were diluted 1:50 in sterile distilled water, and 1 l of each dilution was mixed with 10 l of Hi-Di formamide (Applied Biosystems) and 0.4 l GeneScan LIZ 600 size standard (Applied Biosystems) before being subjected to capillary electrophoresis using POP-7 polymer on a 3130 genetic analyzer (Applied Biosystems). An MLVA type, labeled as a number, was assigned to each isolate based on the difference in the variable-number tandem repeat (VNTR) profile in at least one locus. Minimum spanning trees (MST) based on the MLVA profiles were built in BioNumerics 7.5 (Applied Maths) using the categorical coefficient. Distances between MLVA profiles were calculated based on the numbers of different loci between profiles, irrespective of their within-locus differences in the number of repeats.
PFGE was performed according to the PulseNet protocol (3), digesting the plug with 50 U of XbaI (Fermentas). The Salmonella Braenderup strain H9812 PulseNet standard was used as a molecular weight marker. The fingerprinting profiles were analyzed using BioNumerics 7.1 and compared by cluster analysis using the Dice coefficient and the unweighted pair group method with arithmetic means (UPGMA), with a position tolerance limit and optimization of 1%. Isolates showing a PFGE similarity level of Ն95% were assigned to the same pulsotype. The pulsotypes were labeled as numbers.
Automated ribotyping was performed with the RiboPrinter according to the manufacturer's instructions (4), using a mixture of 1,250 U of PvuII (Qualicon) and 1.250 U of PstI (New England BioLabs). The restriction digestion was performed at 37°C for 20 min. The characterization consisted of combining profiles within a similarity range (as calculated using the RiboPrinter's proprietary algorithm) Ͼ0.93 to form a dynamic ribogroup (RIBO) labeled with an alphanumeric code (4) .
The Comparing Partitions website (http://darwin.phyloviz.net /ComparingPartitions/index.php?linkϭToll) was used to calculate the discriminatory index (DI) of each typing method through Simpson's diversity index (5, 6) , the unidirectional concordance between methods by applying the Wallace (W) and adjusted Wallace (AW) coefficients (7) , and the bidirectional concordance using the adjusted Rand (AR) coefficient (8) .
Overall, 21 MLVA types were each associated to a single isolate, whereas 23 comprised between 2 and 67 isolates. The two largest MLVA types grouped isolates collected from all sampling years ( Fig. 1) . However, small clusters of isolates collected only in specific years were also identified ( Fig. 1) . One of the two main MLVA types clustered together human, poultry, and egg isolates. Furthermore, the same cluster included isolates from other sources, confirming that S. Enteritidis can be transmitted between humans, wildlife, livestock, and pets ( Fig. 2) . In relation to the PT, an MST was built, including the MLVA types of human isolates and the reaction does not conform (RDNC) isolate (in red). Human isolates clustered in the two main groups with isolates belonging to the PT identified in S. Enteritidis isolates collected in Italy from confirmed cases of human salmonellosis (Fig. 3) . The S. Enteritidis isolates were characterized by 23 pulsotypes, with bands between 20 and 900 kbp, showing a similarity level ranging between 36 and 92% (Fig. 4) , and seven ribotyping profiles, characterized by 7 to 10 bands, with molecular weight ranging between 2 and 15 kbp (Fig. 5) . The ribotyping profiles 153-494-S-1 and 153-507-S-2 were identified in 57.1 and 36.5% of the isolates, respectively. PFGE is the current gold standard to assess relatedness among Salmonella isolates from different sources (9, 10) and for outbreak investigations (11, 12) . However, according to the literature, PFGE exhibits limited discriminatory power for S. Enteritidis (13). This aspect was confirmed in a multicountry outbreak of S. Enteritidis recently reported in Europe (14, 15) . Therefore, the European Centre for Disease Prevention and Control (ECDC) decided to promote the use of MLVA to subtype S. Enteritidis isolates (14) . Since the European Food Safety Authority (EFSA) stated that there is currently no comprehensive collection of comparable background on MLVA typing data for S. Enteritidis available at the European Union level, this paper should help to start filling this gap (14) .
For each typing method applied alone, the DI ranged between 0.54 for automated ribotyping and 0.88 for MLVA (Table 2) , whereas combining two or three methods resulted in a DI ranging between 0.88 and 0.97 (Table 2 ). Since S. Enteritidis is one of the most genetically homogeneous serotypes of Salmonella (16) it is not surprising that in this study no typing method applied alone reached a DI of Ͼ0.90. The combination MLVA-PT has been identified as the best option by Cho et al. (17) and Dewaele et al. (18) , even though they applied a different MLVA scheme.
All methods tested, including PT, showed a weak directional concordance (i.e., Ͻ0.5) (Table 3 ). However, MLVA showed an AW of Ͼ0.16 with PFGE and PT. Moreover, PT exhibited an AW of Ͼ0.18 with MLVA and PFGE. The bidirectional concordance between methods was also very low and was Ն0.19 for MLVA-PT and PFGE-PT only ( Table 4 ). The same combinations of typing methods reached the highest AW values. The low congruence between the applied typing methods demonstrated that they all provide a piece of information for establishing possible clonal relationships among the isolates tested. Such relationships concerned 42.4% of the isolates forming 32 clusters containing 2 to 16 isolates sharing the same type strain, as defined according to the MLVA, PFGE, RIBO, and PT profiles (Table 5) . Overall, 65.6% of these clusters grouped isolates of common origin (e.g., poultry), whereas 34.4% isolates were classically not correlated (e.g., poultry and cheese) ( Table 5 ).
In conclusion, the results of this study allow a quantitative comparison between different typing methods for S. Enteritidis in terms of discriminatory power and concordance. These results, along with execution time, cost effectiveness, and the level of complexity of data interpretation and sharing, should help in making a critical choice on the most appropriate method to apply for typing S. Enteritidis during both outbreak investigations and longtime surveillance. Even if the most promising routine epidemiological typing tool for Salmonella enterica seems to be whole-genome sequencing (WGS) (19) , when an alternative method must be selected, MLVA is confirmed to be the best choice. In fact, it is highly discriminatory, reproducible, fast, and easy to perform. Moreover, it produces results easy to interpret and analyze, which can be shared using international databases. 
